Introduction
Membrane proteins are often excluded from drug or antibody discovery research programs due to the propensity of membrane proteins to aggregate outside of the lipid bilayer environment, especially in the presence of detergents 1 . Therefore, in recent years, several membrane mimetics (termed scaffolds) have been developed to facilitate isolation and interrogation of membrane proteins in a completely detergent-free environment (i.e., nanodiscs, SMALPs, amphipols, etc.) 2, 3, 4, 5, 6 . However, reconstitution of membrane proteins in these mimetics often requires extensive optimization, which is time-consuming and generally accompanied with loss of protein recovery 7, 8 . To overcome these limitations, our laboratory recently developed a "one-size-fits-all" formulation known as the peptidisc 9 . The peptidisc is formed when multiple copies of a designer 4.5 kDa amphipathic bihelical peptide bind to the hydrophobic surface of a target membrane protein. Stable reconstitution in peptidisc occurs upon removal of detergent, entrapping both endogenous lipids and solubilized membrane proteins into water-soluble particles. These stabilized particles are now amenable for numerous downstream applications.
The peptidisc method offers several advantages; for instance, reconstitution is straightforward, since binding of the peptidisc scaffold onto the target is guided by the protein template itself 9,10
Purification and reconstitution of FhuA using the PeptiQuick workflow
1. Pre-equilibrate a prepacked Ni-NTA column (5 mL resin volume) with two column volumes of immobilized metal affinity chromatography (IMAC) wash buffer ( Table 1) . 2. Dilute the solubilized outer membrane from 1% LDAO to 0.04% LDAO using TSG. Then, add imidazole to a final concentration of 5 mM.
CAUTION: Imidazole is toxic and corrosive. 3. Load the solubilized outer membrane proteins onto the Ni-NTA resin and collect the flowthrough. Reload the flowthrough onto the resin to increase the resin binding of FhuA and collect the secondary flowthrough. NOTE: Keep a 20 µL aliquot of solubilized material as a reference for later sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. 4. Wash the resin with 250 mL of IMAC wash buffer and collect the first 50 mL of eluate. Drain the wash buffer to the height of the resin bed volume and close the stopcock on the column. 5. Add 1 mL of concentrated 10 mg/mL Bio-Peptidisc peptide solution (Table 1) to the column. Add 50 mL of dilute 1 mg/mL Bio-Peptidisc peptide solution in TSG and stir the resin with a glass rod to resuspend the beads in TSG. 6. Following peptidisc trapping, allow the resin to settle and drain the excess 1 mg/mL Bio-Peptidisc solution through the resin. 7. Wash the Ni-NTA attached peptidisc particles with 50 mL of TSG. Elute the peptidisc particles with 15 mL of IMAC elution buffer ( Table 1) containing 600 mM imidazole in TSG. Collect 1 mL fractions and immediately add 10 µL of 0.5 M EDTA to chelate leached nickel ions. CAUTION: EDTA is an irritant.
Evaluation of the PeptiQuick reconstitution
The SEC analysis is performed to assess the solubility of the peptidisc particles. The chromatogram presented in Figure 3A shows a single, symmetrical peak eluting at about 14 mL (6 mL past the void volume of 8.0 mL on the gel filtration S200 10/300 column). The position of this peak, past the void volume, confirms the solubility of the FhuA Bio-Peptidisc particles. For reference, Figure 3B illustrates a theoretical suboptimal peptidisc preparation. In this case, the chromatogram shows a larger protein peak eluting at the void volume, indicating the presence of protein aggregates. The smaller peak eluting just past the main peptidisc peak corresponds to excess peptidisc peptides.
The interaction of FhuA with the analyte ColM is determined after attachment of the peptidiscs to streptavidin coated sensors. The sensor tips are first equilibrated in kinetics buffer, then transferred into buffer containing the FhuA Bio-Peptidiscs. The concentration of the FhuA Bio-Peptidiscs and the length of time for which they are incubated with the tip is optimized prior to this experiment (Supplementary Figure  1) . Following the loading and washing steps, the association step measures the interactions between the loaded tips and four different concentrations of colicin M. The subsequent movement of the tips back into buffer results in dissociation, which is measured by the wavelength shift of white light reflecting off the tip.
Figure 4A
displays the raw data sensorgram output from this experiment. All traces appear uniform in the loading and baseline steps, apart from the reference trace in yellow. The reference tip has no ligand loaded but is exposed to the analyte to assay for nonspecific binding, which is an important negative control. For more detailed analysis of the results, the signal from the reference tip is subtracted from the traces for the experimental tips to account for nonspecific binding. The data are aligned to the start of the association step to allow a direct visual comparison, as shown in Figure 4B . This comparison shows an increase in wavelength shift for increasing concentrations of colicin M. The curve is fit to the data and exhibits a classical 1:1 binding model.
The residual view plot (Figure 4B, bottom) , which describes the differences between the fitting and experimental data, shows the fitting for the highest concentration of ColM (28 nM) is poor compared to the three lower concentrations. The profile of the curve itself lacks the binding curve plateau, which is characteristic of binding site saturation in a typical binding experiment. The lack of plateau suggests heterogeneous binding, which is likely an artifact of the high ColM concentration. This highest ColM concentration is therefore discounted from the analysis, and the other three concentrations are used to determine the dissociation constant (Figure 4C,D) . A two-tailed student's t-test, at a 95% confidence level, found that the observed dissociation constant from this experiment is not significantly different from the values obtained using different techniques (Figure 4E ) 16 .
Figure 1: Overview for the PeptiQuick workflow using Bio-Peptidiscs and BLI analysis.
Please click here to view a larger version of this figure.
Discussion
While detergents remain the simplest method to extract and purify membrane proteins, these surfactants can have many undesired effects on protein stability, function, and downstream analyses 1, 2, 3, 4, 5, 6, 7, 8, 9 . These difficulties have motivated the development of membrane mimetics, which strive to minimize the presence of detergents and replicate the native membrane environment as much as possible 2, 3, 4, 5, 6 . The majority of reconstitution methods, however, require significant optimization of the reconstitution conditions and often require additional purification steps, which decrease the final yield 7, 8 . The peptidisc spontaneously adapts to the target membrane protein and comparatively, requires little optimization and downstream purification 9, 10 . In this protocol, PeptiQuick is presented as a simple means to streamline the reconstitution protocol for downstream protein-protein interaction analysis.
Although straightforward, there are several experimental caveats that can lead to unsuccessful reconstitution. Among these, the most common is due to protein aggregation. It is therefore critical to perform size exclusion chromatography to monitor the reconstitution process. For example, a size exclusion peak eluting at the void volume is indicative of protein aggregates (Figure 3B ) 17, 18 . Membrane protein aggregates typically form upon prolonged exposure to sub-optimal detergent conditions prior to reconstitution. In particular, it has been found that membrane proteins in detergent tend to form aggregates when concentrated by ultrafiltration on centrifugal devices. In this case, sensitive membrane proteins may be concentrated using vacuum ultra-filtration, a gentler and more homogeneous method of concentration since adsorption of proteins to the filter is diminished.
In general, to avoid protein concentration, the eluted IMAC fractions should be pooled, and an aliquot injected onto a size exclusion column to check its reconstitution quality. It should be noted that unincorporated free peptide elutes just after the main peptidisc peak (Figure 3B) . The free scaffold does not necessarily impede downstream experiments. However, if needed, this excess can be removed by the size exclusion chromatography. Alternatively, increasing the wash volume during the reconstitution, and prior to elution from the IMAC resin, is enough to effectively remove most of the free peptidisc peptide. Therefore, size exclusion chromatography is recommended as a quick and simple means to check reconstitution quality.
The BLI experiment requires careful optimization of both ligand and analyte concentrations. Ligand binding must be sufficient to obtain a clear signal, but overloading will cause signal saturation, which results in data artefacts from overcrowding and steric hindrance on the tip surface. Therefore, both the concentration of the ligand and length of time the tip spends in the ligand solution must be optimized for each protein sample (Supplementary Figure 2) . The analyte concentration must also be optimized. If the dissociation constant is known, this step becomes easier, since the concentration range can be approximated. A good starting point for this analysis is using protein concentrations between 0.1-and 20fold the expected Kd 19 .
Following BLI data acquisition, careful data analysis must be performed to avoid misinterpretation. The calculation of the dissociation constant is dependent on the fit of a binding curve. Unless binding stoichiometry is already known, a classical 1:1 bimolecular interaction model should be used for the initial fitting. It should be noted that a heterogeneous binding curve is often the result of artefacts and non-ideal behaviour caused by high analyte concentration, which can be misinterpreted as a complex binding model. Therefore, lowering the analyte concentration until the sensorgram profile displays 1:1 binding stoichiometry can help differentiate heterogeneous binding from more complex interactions. Any residual heterogeneous binding data is then discounted as shown in Figure 4 20 .
In this report, a dissociation constant of 2.28 ± 0.74 nM for the FhuA-ColM interaction is measured. This value is consistent with the dissociation constant previously determined in our group with nanodisc or peptidisc using ITC or MST, respectively (Figure 4E ) 16 . This consistency provides confidence about the peptidisc reconstitution and BLI analysis as a means to determine interaction kinetics. Importantly, it should be noted that proteins are usually immobilized on streptavidin biosensors either through biotin chemical cross-linking or site-specific addition using the E. coli biotin ligase BirA 21 . Evidently, biotinylating the peptidisc scaffold, instead of the target membrane protein, has many advantages. Scaffold biotinylation saves time and minimizes the potential to disrupt important protein binding sites. We have also found that PeptiQuick is applicable to a broad range of protein target classes, including G-protein-coupled receptors (GPCRs), ion channels, and β-barrels membrane proteins. In general, it should be noted that the initial detergent extract of membrane proteins into an aggregate-free state is critical, and that immediate reconstitution in peptidisc decreases downstream aggregation problems. Given the simplicity, it is envisioned that PeptiQuick will be extended to other streptavidin-based binding assays, such as surface plasmon resonance (SPR), ELISA assays, and affinity pull-downs using streptavidin beads.
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